monitoring tools, (iii) conflict detection and resolution tools, and (iv) off-nominal recovery tools. The flight-deckside automation consists of 4D Guidance Module (4DGM). The ground-based automation designs 4D trajectories including emissions and noise contracts for individual aircraft, taking into account the following considerations: (i) airport capacity, (ii) terminal airspace considerations, (iii) throughput considerations, (iv) safety considerations, (v) aircraft performance characteristics, and (vi) green considerations such as fuel, emissions, and noise. The groundside automation also generates emissions and noise contracts for individual aircraft based on an aggregate goal. The ground-side automation takes in as inputs real-time information, such as surveillance data, atmospheric wind and temperature forecasts, and the flight demand data, to compute green 4D trajectories for all terminal area flights in an integrated manner that accounts for all the above-mentioned considerations. It should be noted that 4DTBO would still require controller decision support tools for conformance monitoring, CD&R, and off-nominal situation recovery. These tools are expected to handle off-nominal situations when one or more aircraft deviates from its 4DT. In such events, the controller is expected to intervene if necessary using voice-based communications with the flight-crew.
The flight-deck automation resides in the Flight Management System (FMS) and generates the necessary guidance commands for tracking the 4DTs assigned by the ground-side automation while abiding by the emissions and noise contracts. The flight-deck-side automation takes in as inputs the aircraft's sensor measurements and generates throttle, pitch attitude, and bank angle commands, a flap schedule, and a gear schedule to realize the 4D trajectory.
Figure 1. Schematic of the 4DTBO for Terminal Area Operations
In addition to the 4DTBO concept Ref. 6 also formulated the nonlinear trajectory optimization framework for the design of 4D trajectories. As per the concept these 4D trajectories are then datalinked to the flight deck. A 4D-guidance law is required as part of the flight-deck automation necessary for tracking the 4D trajectories. The focus of the current paper is the design and evaluation of 4D Guidance Module required for tracking the 4D trajectories. A particular challenge emanates from the fact that the reference trajectory is not generated by the FMS. It is generated by the ground-side using an approximate aircraft model, and datalinked information such as the weight of the aircraft.
B. Previous Research
Most of the previous research in 4D-guidance strategies is geared toward meeting a Required Time of Arrival (RTA). This RTA-based guidance mode is useful for airport arrival slot scheduling. Ref. 7 presents an operational concept that demonstrated the use of the RTA capability to enable CDA (Continuous-Descent Arrival) procedures. RTA tracking is likely to involve the use of throttle to make along-path corrections. Menon et.al have investigated the integration of guidance and propulsion systems to enable precision tracking in Ref. 8 . In Ref. 9, researchers from Boeing proposed an innovative guidance scheme for descending aircraft called CDA-MP for 4D Guidance, where CDA-MP stands for Continuous Descent Approaches for Maximum Predictability. The vertical guidance consists of a novel combination of elevator and throttle that enable accurate continuous 4D navigation while minimizing fuel consumption, throttle activity, emissions, and noise during descent. The method uses elevator inputs to control groundspeed and efficiently match a prescribed groundspeed law.
The 4D FMS (Flight Management System) goes one step further to track multiple RTAs including continuous 4D trajectories. NASA Langley researchers 10 have developed a guidance strategy for tracking a sequence of RTAs. This research was motivated by the desire to define a temporal RNP specification similar to the existing lateral path tracking specification. A novel feature of this strategy is that when a complete solution is found infeasible, it relaxes some of the constraints to realize the objectives. Design and implementation details of the guidance law proposed in Ref. 10 are not available. Table 1 provides the performance from published literature on RTA-based FMS and 4DFMS. Service Provider (ANSP) provides aircraft with a lateral and vertical trajectory clearance (e.g., latitudes, longitudes and altitudes), along with a single RTA for domestic en route.  NT-008: Airborne Lateral/Vertical/Time Clearance ANSP provides aircraft, via data link communications, with a lateral and vertical trajectory clearance (e.g., latitudes, longitudes, and altitudes) along with a single RTA. Together with the ground-side automation, the 4DGM is also relevant for airborne merging and spacing operations [20] [21] [22] [23] [24] [25] . This ground-side automation designs 4D-trajectories for individual aircraft while ensuring adequate separation between the two aircraft at all times. When the aircraft track these 4D-trajectories using the 4DGM they not only meet their times of arrival at all points but also maintain the prescribed spacing with respect to other aircraft. The example in Section V illustrates this feature.
The rest of the paper is organized as follows:  Section II presents the requirements of the 4DGM for the 4DTBO concept proposed in Ref. 6 .  Section III presents the modeling aspects of the guidance law and the simulation.  Section IV derives the guidance law using a combination of a nonlinear control technique known as feedback linearization and pole placement techniques.  Finally, closed-loop simulation results obtained using the guidance law are presented in Section V.
II. 4D Guidance Module
The 4DTBO concept proposed in Ref. 6 is based on generating the 4D trajectories on the ground-side, external to the FMS. This is necessary to meet the objectives of separation assurance and efficient runway scheduling. This is on contrast to the previous research (Refs. 9 and 10) in RTA-based FMS design and 4DFMS design utilizes reference trajectories that are both generated and tracked within the FMS. A reference trajectory generated by the FMS is not guaranteed to be conflict free. On the other hand the ground-side automation proposed in Ref. 6 advocates an integrated methodology for the design of multiple terminal flights within the same optimization framework. The following are the requirements of the on the 4D Guidance Module to enable the 4DTBO concept proposed in Ref. 6 :  4DGM should track accurately the 4DT clearance issued by the ground-side.  4DGM should work within the flight envelope constraints of the aircraft.  4DGM should be robust to realistic wind and temperature uncertainties.  4DGM should be fuel-efficient.  4DGM should not cause excessive wear and tear to the engines. The current paper addresses the first three requirements in the above list. Further research is required to address the last two items. Figure 2 shows a generic block diagram of the 4DGM sub-system. It consists of a 4D-Trajectory (also referred to as reference trajectory) inputs from the ground-side automation. It could also optionally receive the intended speed, descent rate, and flap & gear deployments schedules as an input from the ground-side automation. Other real-time inputs consist of time measurement from onboard clock, navigation measurements related to the state of the aircraft, and other onboard sensors. The derivations and the demonstrations that follow are restricted to the vertical plane. The bank-angle commands are ideally set to zero. Furthermore, in this paper the flap and gear time histories are accepted as external inputs and not computed by the guidance algorithm. The standard atmosphere is used for temperature forecast. The 4D-trajectory inputs are obtained from the trajectory optimization results presented in Ref. 
III. Modeling
The current section describes the aircraft model used for 4D guidance law design. The guidance law that is part of the flight deck automation can be expected to use a higher-fidelity aircraft model than the one used by the ground-based automation for 4D-trajectory design in Ref. 6 .
A. Equations of Motion for 4D Guidance Law Design
The following equations of motion are used for guidance law design: Equations Of Motion:
(1)
where is the longitudinal position (i.e., downrange) coordinate of the aircraft, is the altitude of the aircraft, is the airspeed of the aircraft, is the flight path angle, is the thrust, is the aerodynamic lift, is the aerodynamic drag, is the mass of the aircraft, is the acceleration due to gravity, is the angle of attack, is the pitch attitude angle, and are the commanded values of thrust and pitch attitude angle, respectively, is the gain associated with engine throttle dynamics, is the gain used for modeling the response of the autopilot, and and represent the flap and the gear settings, respectively. It should be noted that these equations are restricted to the vertical plane, and the horizontal-plane model will be included in future work. This is not seen as a severe limitation in the demonstration of the 4D-guidance algorithm. It should also be noted that the ground-side automation does not use the throttle and pitch-attitude dynamics in generating the 4D reference trajectory.
B. Equations of Motion for Guidance Law Evaluation
The equations of motion used for the guidance law are somewhat restricted by the guidance law design strategy. The equations of motion used for guidance law evaluation have no such restrictions. The following equations of motion are used in the guidance law evaluation simulations:
Engine Model
Auto-Pilot Models (8)
where are gains used for modeling the second-order response of the autopilot.
C. Aerodynamics
The lift and the drag are computed using higher-fidelity models that take into account altitude, speed, angle of attack, flap setting, and landing gear position (up or down). The aerodynamic forces are look-up functions that were derived from a higher-fidelity model, in this case NASA Langley's TSRV model. The same aerodynamic model is used for guidance law design and evaluation. It should be noted that the grounds-side automation for 4D-trajectory design process uses BADA drag polars. Lift & Drag: (11) 
D. Engine Model
The engine model was derived from NASA Langley's TSRV simulation. The thrust dynamics are first-order, but there are rate limits imposed. Figure 3 illustrates the dynamics of the engine model used for guidance law evaluation. It should be noted that the grounds-side automation for 4D-trajectory design does not have access to such high-fidelity engine model. 
E. Atmospheric Density Modeling
An atmospheric model is necessary for obtaining the density as a function of altitude to be used in lift and drag computations. The ground-side automation uses the standard atmospheric model, which computes the density and temperature as a function of altitude, is used for this purpose: Standard Atmosphere: (12) where is the temperature. One of the objectives of this research is to demonstrate the robustness of the guidance algorithm to atmospheric uncertainties. These are variations in the wind and the temperature that the aircraft experiences while tracking a 4D trajectory that was designed using nominal values.
F. Density variations
To model density variations, the atmosphere model was adapted to include a temperature variation. The temperature variation is then used to compute the density. The actual density is computed from the ideal gas law assuming the same (standard) pressure p: Density:
where R is the universal gas constant (= 1718 ft-lbf/slug-°R), and the temperature is the standard temperature at the inertial altitude plus the modeled variation :
The change in density affects the dynamic pressure, which in turn affects the aerodynamic forces. The change in temperature also affects the Mach number, which is used in the look-up of the propulsion data. Because the look-up tables for the aerodynamic coefficients and propulsion data also use altitude as an input, the density altitude was computed and used for interpolation of the tables. The density altitude h d is computed as follows: Density Altitude: (15) where T o is the standard temperature at sea level, a t is the temperature gradient (= -3.56×10 -3 °R/ft when h < 36,000 ft),  o is the standard density at sea level, and g is the acceleration of gravity (= 32.174 ft/s 2 ).
G. Wind Modeling
Wind can have a considerable effect on flight times. Therefore, it is imperative that the trajectory design process account for the wind. However, the knowledge of wind can be very uncertain. Therefore, it is essential that the guidance law tracking the 4D trajectories (which were generated using a nominal wind forecast) be robust to wind uncertainties. With this motivation, the wind is modeled as the sum of nominal and uncertain components in this section.
The National Oceanic and Atmospheric Administration's (NOAA) RAPid Rerfresh (RAP) (previously Rapid Update Cycle (RUC)) data is used for simulating the nominal wind. The raw data used in this work has a spatial resolution of 13 km in the horizontal plane. Discretization in the vertical dimension (50 levels) is based on the reference virtual potential temperature and does not result in uniform altitude spacing. Four-dimensional wind fields with variations in the horizontal plane, the vertical plane and time are presented in this section. The North and East components of these wind fields can be expressed in the following functional form: (16) where , and are the North and East components of the nominal wind field, , , , and are the Cartesian coordinates and time respectively. American Institute of Aeronautics and Astronautics
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The wind uncertainty model used in this work is based on the model derived in Refs. 27 and 28. The effects of wind are included in the equations of motion as velocity disturbances: Relative Velocity:
(17) where a headwind is assumed to have a negative sense. This gives the velocity of the aircraft relative to the air mass. The dynamic pressure, Mach number, and angle of attack used to compute the aerodynamic and propulsive forces are based on . Figure 4 shows the closed-loop block diagram of the components of the guidance law. The guidance law computations are shown using green blocks. The following sub-sections further elaborate upon each of these blocks. 
IV. 4D Guidance Law Design
One additional derivative is required to obtain the complete dynamics of the transformed states, which also introduces the relationship to the control variables. In other words, the derivatives of  and T will appear in the equation, which are linear functions in the control variables  com and T com : (20) where and are nonlinear functions of the state. In the implementation of the controller, the partial derivatives with respect to the states are computed mainly using finite differences.
Next, pseudo-controls are defined to be equal to these highest derivatives of the transformed states; i.e., Pseudo-controls: 
Linear control laws can be used to obtain the pseudo-controls, and from these the original system.
B. Linear Control
Proportional control was used to compute the pseudo-controls. The commanded values for the transformed states are known, so the control is proportional to the errors. It was observed in initial trials that there was some steadystate error in the position tracking, which became more noticeable when wind was introduced. An integrator state was therefore introduced in each channel. This additional feedback reduces steady-state errors. The linear control law was then: Linear Control Law: (23) The reference values of the transformed states are computed from the reference trajectory. The reference for the second derivatives can be computed with finite differences, although the values are generally small enough that they can be taken as zero. After some experimentation, the gains were chosen as shown in Table 2 . These gains resulted in good tracking performance. 
C. Inverse Transformation
The pseudo-controls are transformed into the control inputs assuming that the functions g ij form an invertible matrix:
The control law produces a thrust command, but the actual control input is throttle and not thrust, so a 1D search is performed, i.e., an inverse look-up:
The results obtained from the testing of the guidance laws are shown in the following section.
V. Results
The previous section described the trajectory-tracking algorithm for the 4D-guidance law. Closed-loop simulation results obtained with this guidance algorithm are presented in the current section. As mentioned earlier, the 4D trajectories are computed using lower-fidelity models such as BADA and assuming an imperfect atmospheric forecast. The guidance law for tracking these trajectories, however, is tested on a higher-fidelity TSRV aircraft simulation. The evaluation exercise also includes variations in wind and atmospheric temperature to test the robustness of the guidance law to such uncertainties/variations. Longitudinal position tracking errors, alt itude tracking errors, and RTA tracking errors are used as performance metrics. All 4D trajectories used for tracking purposes in the following examples are obtained from Ref. 6 . The errors are defined as follows: Longitudinal Tracking Errors:
Altitude Tracking Errors:
Time Tracking Errors:
where the subscripts and refer to the actual values of the variables observed in the simulation and the reference value of the same. Whereas the computation of the longitudinal position tracking errors and altitude tracking errors are straightforward subtractions from the reference the process is a little more complicated for timetracking errors. The independent variable is changed to the cross range coordinate , and the aircraft's actual time of crossing a different coordinates is compared with the planned times of crossing.
A. 4D Trajectory Tracking without Wind
The closed-loop simulation results in this section do not consider any wind variations. Figure 5 and Figure 6 show the tracking errors in the position and altitude coordinates, respectively, which are seen to be very small. Figure 7 show the time tracking errors, which is less than a maximum of 0.1 seconds. The time tracking errors are plotted as a function of the spatial coordinate "distance to the runway threshold". The origin of the coordinate system is chosen at the runway threshold and the axis is oriented along the direction, hence, the negative sign for the distance to runway threshold variable. Figure 8 and Figure 9 show the throttle and pitch attitude command histories, respectively, required for realizing these small tracking errors. 11 and Figure 12 show the position and altitude tracking errors, which are very small. The maximum RTA violation, as seen Figure 13 , is less than 1.2 seconds. However, the throttle activity spikes towards the end, as seen in Figure  14 . The current guidance formulation seeks very tight tracking of the trajectory. Future research will explore the tradeoff between the tracking error and the throttle activity. Figure 15 shows the pitch attitude guidance command time history. was used in the simulation to test the robustness of the guidance law to atmospheric variations. The position and altitude tracking errors shown in Figure 16 and Figure 17 are still found to be acceptable. The RTA violations seen Figure 18 are also acceptable, being less than 0.1 seconds. The higher temperature causes lighter air which reduces the drag and lowers the throttle, as seen in Figure 19 . However, the pitch attitude guidance commands increase, as seen in Figure 20 , to make up for the temporary loss of lift. The previous scenarios dealt with the tracking of a single aircraft trajectory. The objective of the current closedloop simulation is to demonstrate the preservation of the designed inter-aircraft separation with the 4D guidance law. This feature is useful for airborne merging and spacing operations. The reference trajectories for the two aircraft were designed by the ground-side automation in Ref. 6 taking into account the required separation. The simulation consists of two aircraft independently tracking their assigned 4D-trajectories. Figure 21 and Figure 22 show the position and altitude tracking errors, respectively of these two aircraft. A maximum position tracking error of 10 ft is seen for either aircraft (which is about 10 -3 nmi). The 10 ft position tracking accuracy for individual aircraft translates into a maximum of 20 ft separation violation which can be added as a buffer in the trajectory design stage. Figure 23 shows the actual and the designed inter aircraft separation. The time tracking errors for both aircraft are shown in Figure 24 . 
VI. Conclusion
Guidance algorithms suitable for tracking 4D-trajectory-based airspace operations have been derived in this paper. The guidance algorithm is shown to track the 4D trajectories to an accuracy of less 1 second temporal error. The guidance algorithm is seen to be robust to wind and temperature uncertainties. The guidance algorithm is also 
